ABSTRACT
Thomsen-Friedenreich antigen (TF-Ag) is the disaccharide (Gal beta1-3 GalNAc alpha), which is also known as the core 1 structure.
The presence of this disaccharide on the surface of ~90% of carcinomas is due to altered glycosylation in these tumors. TF-Ag plays a role in the adhesive properties of tumor cells involved in metastasis. Treatment of mice with JAA-F11, a monoclonal antibody to TF-Ag alpha inhibited lung metastasis and improved prognosis in a mouse breast cancer model. The presence of naturally occurring antibodies to TF-Ag in cancer patients is related to improved prognosis. The pancarcinoma expression of TF-Ag, combined with the evidence of a mechanistic role for TF-Ag in cancer spread, show that this target would have clinical utility. The presence of naturally occurring antibody to TF-Ag indicates that increasing the anti-TF-Ag antibody would be safe for the cancer patient and indicates that tolerance would not have to be broken to create this immune response. Finally, the prognostic improvements seen clinically and in animal models indicate that this is an important vaccine target.
INTRODUCTION
Thomsen-Friendenreich antigen (TF-Ag) is a cancer vaccine target that has come into its own slowly, with an initial discovery in 1927 by Thomsen (1) followed in 1930 by a more thorough investigation by Friedenreich (2). The initial discovery of TF-Ag was through a phenomenon observed by Thomsen, in which he saw an apparent change in the blood group of red blood cells (rbcs) brought about by standing for 14-25 hours, after which the red blood cells were agglutinated by any human serum. Friedenreich investigated this effect and found that the change was brought about by bacterial enzymes. Friedenreich named the antigen the T antigen after Thomsen, but because of the importance of the information added by Friedenreich, the antigen is usually called the ThomsenFriedenrich antigen, although occasionally the term "T Ag" is still sometimes used (3) . The observation also led to the discovery of neuraminidase as the enzyme responsible for removing the sialic acid which led to the TF-Ag exposure.
Naturally occurring human antibody to TF-Ag was discovered at the same time, as this antibody was the agent which caused the agglutination of the red blood cells that had TF-Ag exposed on the plasma membrane (1-3). This antibody is present in normal human serum, but not in serum from infants, nor in serum from cord blood. The discovery of this antibody was an early indication that the passive transfer of antibody to TF-Ag and active immunization with anti-TF-Ag would not hurt normal tissue because this naturally occurring antibody did not cause any pathologic effects. The presence of the naturally occurring antibody to TF-Ag was studied by a number of groups. The amount of naturally occurring human antibody to TF-Ag was shown to be of prognostic significance in cancer patients, with a higher amount of antibody related to improved prognosis (4) (5) (6) (7) (8) (9) (10) . In 1980, Springer also found cell mediated immune response to TF-Ag as measured by a skin test with TF-Ag (11) . The TF-Ag used in the skin tests was purified from human blood group O, MN rbcs treated to remove the sialic acid. The purification procedure likely resulted in a preparation of TF-Ag on glycophorin A (12) .
The initial discovery of TF-Ag (1) did not show its tumor-association, which was later shown in pivotal work of Springer, with the initial publication in 1974 of TF-Ag expression in breast cancer tissue (13). Springer's wife had died of breast cancer when she was quite young, and Springer became committed to furthering the understanding of cancer, with the ultimate goal of improving prognosis for the cancer patient .
The use of lectins and antibodies as tools to study TF-Ag led to further understanding of the role of TF-Ag in cancer . The lectin used for most of these studies is peanut agglutinin (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) . It must be noted that these reagents have varying specificities, and may bind other structures in addition to TF-Ag. Specificity analyses are important to understanding and will be described later in this review.
The suitability of TF-Ag as an exciting target for cancer immunotherapy has been built slowly, first with the identification of TF-Ag as a tumor antigen (13, 14) , and then with the identification of TF-Ag in a large percentage of a wide variety of tumors (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) . About 70% of all known cancers are carcinomas and TF-Ag was found to be a "pancarcinoma antigen" with expression in most of these tumor types. Expression has been shown on cancers of the bladder, breast, colon, liver, ovary, prostate and stomach (1,2,4, 13-61). The production of TF-Ag in these tissues appears to be due to a glycosylation defect, in part due to altered glycosyltransferases in tumor cells compared to the respective normal tissue (4, 82, 83) . Mechanistically TF-Ag is an important target because TF-Ag has a role in the metastasis of tumor cells through its involvement in cell-tocell adhesion (41, 47, 48, 59, 84, 85) . Since an anti-TF-Ag antibody response could have blocking function, inhibiting metastasis as well as cytolytic function, this antigen could be a very effective target for passive immunotherapy and for a vaccine. In addition, the fact that TF-Ag has a role in the metastatic process decreases the chance that antigen negative cancer cells will develop during immunotherapy.
The following areas are important to the understanding of the importance of TF-Ag as a target in cancer therapy: a) the glycosylation changes that have led to the overexpression of TF-Ag b) the effect of the naturally occurring antibodies to TF-Ag in the cancer patient, c) and d) the specificity and biological effects of the lectins and antibodies that have been used as tools to study TF-Ag in cancer e) the role of TF-Ag in metastasis and f) the progress in the development of a vaccine for TFAg. Each of these areas will be covered in separate sections below.
SYNTHESIS AND ACCUMULATION
TF-Ag (Gal beta1-3GalNAc alpha-Ser/Thr) is categorized with the mucin-associated epitopes. The disaccharide structure of TF-Ag is the core 1 structure of O-linked mucin type glycans. On various normal cell membranes this disaccharide is hidden either by tertiary structures or by highly negatively-charged sialic acid, preventing TF-Ag from exposure to the immune system, but in tumor cells this structure is exposed. The surface expression of TF-Ag on tumor cells could be due to increased synthesis of the core 1 structure, decreased synthesis of enzymes which would lead to the production of more complex carbohydrates or increased synthesis of glycosidases which would transform more complex structures to this simple core 1 structure (Figure 1) (4, 23, (86) (87) (88) (89) (90) (91) (92) .
The TF-Ag structure is synthesized by addition of galactose from UDP-galactose to GalNAc alpha-Ser/Thr (Tn antigen) catalyzed by core 1 beta1,3 Gal-transferase (T synthase). TF-Ag can be modified to become the core 2 structure Gal beta1-3 (GlcNAc beta1-6) GalNAc alphaSer/Thr which can be further modified into complex Oglycans in normal epithelium. TF-Ag can also be modified by sialyltransferases to become either the monosialylated Neu5Ac alpha2-3 Gal beta1-3 GalNAc alpha-Ser/Thr or Gal beta1-3 (Neu5Ac alpha2-6) GalNAc alpha-Ser/Thr, or the disialylated Neu5Ac alpha2-3 Gal beta1-3 (Neu5Ac alpha2-6) GalNAc alpha-Ser/Thr (86, 92) . TF-Ag can also be modified by N-acetylglucosamine addition to the Gal, or by fucosylation or sulfation (86, 92) .
Decrease in any or all of the enzymes that add to Core 1 could result in the increase in the expression of TFAg in cancer tissue. In unpublished data we have characterized a variant of the 4T1 breast tumor cell line which does not metastasize and have found increased 2-3 sialyltransferase activity and decreased expression of TFAg on its surface. This supports the idea that decreases in enzymes which add complexity to the Core 1 structure may be involved in the upregulation of TF-Ag in tumor cells.
T-synthase is the only enzyme which forms core 1 from the Tn antigen precursor. T-synthase transfers Gal from UDP-Gal to GalNAc alpha-Ser/Thr (4, (86) (87) (88) (89) (90) (91) (92) . There is no difference in the amount of this enzyme in normal and tumor tissues so variability in T-synthase is not related to TF-Ag expression. T-synthase requires an ER-localized molecular chaperone called Cosmc (Core 1 beta1,3 Gal-Tspecific molecular chaperone) to function. Cosmc specifically promotes folding/stability of the core 1 beta1,3 Gal-transferase (86, 89, 92) . Alteration in levels of Cosmc would affect the amount of TF-Ag. In addition, increased availability of the nucleotide sugar substrate UDP-galactose for the T-synthase could lead to increased TF-Ag on tumor cells and increased amount of UDP-Gal are seen in tumor cells (4, 89, 92) . However, increased amounts of the Tn Ag precursor would also be required.
Tn synthesis utilizes polypeptide alpha-Nacetylgalactosaminyltransferases which transfer UDPGalNAc to serine or threonine on a protein. Enzymes which perform this function are called ppGalNAcTs. More than one enzyme has this activity, and in humans 24 of these genes are present. Slight differences in the preference for amino acid sequence exist for these enzymes, but most exhibit a preference for this first step of glycosylation for a serine or threonine which has a proline at +3, -3, +1 or -1 from it (86, 94) . These transferases have a lectin domain and due to this domain they more efficiently add subsequent glycosylation to the protein after the first addition. This would help create the heavily glycosylated mucins that express TF-Ag such as MUC-1 and CD44. These enzymes are in the Golgi apparatus and act on folded proteins that have exited the endoplasmic reticulum (86, 92, 93, 149) . Polymorphisms in MUC-1 amino acid structure which lead to large tandem repeats are associated with increased TF-Ag expression. This may be due to a locally high concentration of Tn for action by T-synthase, or a binding area for the T-synthase (91, 149) .
Tn is a precursor for two other structures in addition to TF-Ag. Tn becomes Core 3 with the action of Core 3 beta1-3 N-acetylglucosaminyltransferase, and this reaction requires a UDP-N-acetylglucosamine. Core 3 is subject to further modification. Tn can also become SialylTn with the action of the sialyltransferase ST6GalNac-I and cytidine monophosphate N-acetyl neuraminic acid. Decreases in the availability of these enzymes and substrates can cause an increase the amount of Tn that can be converted to TF-Ag (86, 92) . The synthetic steps involved in Thomsen-Friedenreich antigen formation and in masking of Thomsen-Friedenreich antigen are summarized in Figure 1 .
Finally, TF-Ag production may be increased because TF-Ag production is increased when the Golgi is more alkaline. It has been shown that the medial/transGolgi pH (pH> 6.75) of human breast and colon cancer cells is generally higher than that in non-cancerous control cells (pH 5.9-6.5) (90) . A differential increase in pH of 0.2 was shown to increase the amount of TF-Ag produced, suggesting that a decrease in pH may also suppress surface TF-Ag levels in non-cancerous tissue.
Several studies have been performed to determine which human glycoproteins carry the TF-Ag epitope. High molecular weight mucins appear to be the likely candidates, but this may vary among different types of cancers. A strong association has been found with the mucins MUC-1 and 2 and TF-Ag in colon, breast, and other adenocarcinomas (52, 53, (67) (68) (69) . Mucins are known to be highly O-glycosylated, and the most abundant glycan moiety has a core 1 or 2 basis, so it would be easy to explain how this TF-Ag is expressed following aberrant glycosylation or glycosidase saccharide removal.
Aberrant glycosylation can be the result of more than one mechanism, and indeed four mechanisms have already been suggested. In the study described above a MUC-1 VNTR polymorphism was found to be associated with increased TF-Ag expression (91) . Another study described above found that increasing the pH of the Golgi, increased TF-Ag expression (90) . In addition, on B cells transient surface TF-Ag expression can occur due to surface sialidases (87) and our recent study has shown decreased sialyltransferase mRNA expression levels associated with metastatic cell lines. The first alteration would cause a MUC-1 specific increase in TF-Ag expression while other glycoproteins would not have an upregulation of TF-Ag. The latter 3 mechanisms would create a general increase in TF-Ag expression in a wide variety of glycoproteins. Support for the latter 3 of these mechanisms has been shown in other studies which identify a second protein with TF-Ag association, the high molecular weight variants of CD44 found in colon cancer as the carrier of TF-Ag epitopes. CD44 is known to be involved in cell-cell adhesion, and the expression of TF-Ag and potentially other altered glycosylation products may contribute to the organ-specific metastasis seen in colon cancer (104,149).
LECTINS
Much of the early work concerning TF-Ag was done with lectins as tools and work continues with these reagents so it is important to understand the uses and limitations of these molecules. Lectins are multivalent, nonenzymatic carbohydrate binding proteins. Owing to their specificity in sugar binding they are used as probes in many biological systems (94, 95) . They are used as biomarkers to differentiate between normal and malignant cells and are also used in purification and characterization of glycoconjugates (96) .
The table below gives an overview of some ligands with respect to their TF-Ag anomer specificity, substitutions accepted by the lectin and effect of lectins on the proliferation of cancer cells. TF-Ag anomeric specificity refers to whether the reagent binds Gal beta1-3GalNAc alpha (TF-Ag alpha) and Gal beta 1-3GalNAc beta (TF-Ag beta) or binds TF-Ag alpha alone.
The following are descriptions of some of the lectins with reactivity with TF-Ag. A matter of concern when contemplating targeting TF-Ag is that some lectins and antibodies which bind to TF-Ag cause slight tumor cell proliferation (lectins-a maximum of 46% +/-4%)(60) (antibodies-a maximum of 31% +/-8%)(80) while other antibodies and lectins which bind TF-Ag cause slight tumor cell growth inhibition (lectin-a maximum of 43% +/-12)(antibodies a maximum of 36.5%) (60) These effects must be fully understood before undertaking vaccine development. The lectins will be described in two classescell proliferation stimulating lectins and cell proliferation inhibiting lectins.
.Proliferation stimulating lectins-4.1.1Mechanisms of cell proliferation
Cancer cell proliferation may be caused by aggregation on the cell surface with ligands that are involved in phosphorylation and ultimately proliferation. However, internalization of one of the monoclonal antibodies (TF5) that had this effect seemed necessary for its effects. These mechanisms are not well understood.
Peanut agglutinin-(PNA)
Peanut agglutinin (Arachis hypogaea) is one of the most important lectins used in the detection of malignant cells because of its long use for the detection of the TF-Ag (94) . PNA has higher binding specificity for the beta anomer of TF-Ag than the alpha anomer. It mainly recognizes Gal and its derivatives at the nonreducing end of the sugar and its binding site has maximum complementarity with asialo GM1 sequence (97, 98) . Therefore PNA can react with normal healthy cells expressing asialoGM1 ganglioside. It may thus react with spleen-white and red pulp (99), kidney tubules (100,101), regenerating respiratory epithelial cells (100) and natural killer (NK) cells (102, 103) . NK cells play a major role in mediating antitumor effect of radiation therapy. If used clinically, PNA binding of NK cells may lead to the depletion of these NK cells thus interfering with its antitumor effect. PNA's asialo GM1 binding is thus of utmost concern (103) . Apart from TF-Ag and asialo GM1, it can also bind to lactose, alpha/beta methyl Gal and lacto-N-biose (Gal beta1-3 GlcNAc) (98) .
The specificity of PNA for TF-Ag is attributed to the hydrogen bond mediated interaction between the carbonyl oxygen atom of acetamido group of the second hexopyranose ring of TF-Ag and Asn-41 side chain of PNA. PNA strongly binds the nonsialylated form of TF-Ag. Steric hindrance and charge of sialic acid group are considered to be the factors preventing the lectin-ligand interactions. (94, 97) . TF-Ag is nonsialylated on cancer cells while on normal cells it is present in sialylated form, less interaction of nonsialylated TF-Ag with PNA is thus advantageous in cancer detection studies.
PNA has stimulatory effect on cell proliferation which might cause cancer progression (98) . The stimulatory effect of PNA does not require internalization. Studies with radiolabeled PNA showed that at 24 hours the localization index for I125 labeled PNA was 8.6 for tumors and 8.7 for kidneys; and even after 72 hours there was higher localization of the labeled PNA in kidneys than in tumors (104). This is likely due to the asialoGM1 ganglioside in the kidney tubules and the preference of PNA for the beta linked GalNAc. Due to the above mentioned factors PNA cannot be used as an effective cancer detection or therapeutic tool.
Amaranthus caudatus lectin (ACL or ACA)
The specific sequence of binding of ACL with TF-Ag is strongest with the GalNAc at the reducing end as shown by the ability of this monosaccharide to inhibit the lectin, whereas Gal alone could not inhibit. However, Gal beta 1-3GalNAc beta1-Me inhibits slightly better than Gal beta 1-3GalNAc alpha1-Me indicating the ability of this lectin to bind both the alpha and beta anomeric configurations (96, 97, 105) . Some articles suggest that this is binds alpha configurations only but the data cited above from Wu et al disagrees with this conclusion (96, 97, 105) . Although ACL has low affinity for human blood group precursors (Gal beta1-3/4GlcNAc beta), it binds to their polyvalent forms. ACL does not react with Gal or its derivatives (97) . The efficient binding between ACL and its ligand requires free hydroxyl groups at C4 of both Gal and GalNAc and N-acetyl group on C-2 of GalNAc (106) . Hence ACL does not react with lacto-N-biose (Gal beta 1-3 GlcNAc).
ACL has shown dose dependent stimulatory effect on the cell proliferation in case of colon cancer. 20 micrograms/ml of ACA increased the cell number of HT29 (human colon cancer cell line) by 27+/-12%. It also binds to sialylated as well as non sialylated TF-Ag with equal affinity (106) . Therefore it cannot be used to differentiate between normal and cancerous cells. Binding studies with HNPCC (hereditary nonpolyposis colorectal cancer) and FAP (Familial adenomatous polyposis) cell lines have suggested that ACL can be used to identify the zones of abnormal proliferation in case of FAP. FAP is a genetic disease in which failure of control of cell proliferation lead to the formation of adenomatous polyps which may then lead to colonic cancer. It can also be used as a histochemical reagent for the biopsy studies of HNPCC (106).
Proliferation inhibiting lectins-4.2.1. Mechanisms of cell proliferation inhibition-
The lectins which inhibit cell proliferation have no cytotoxic effects on the cells which indicates that inhibition of cell division is the mechanism of action of decreased cell numbers after incubation with these lectins. Protein exchange between the cytoplasm and nucleus through the nuclear pores is essential for cell growth and division. There are at least three mechanisms for the transport of proteins into the nucleus. One of them is dependent on the Nuclear localization sequence (NLS). In this pathway, the proteins bind to ligands which then form a complex with the NLS receptors. The movement of the ligand-NLS receptor complex transports the proteins into a nucleus. ABL internalization is required and it has been found to inhibit the NLS dependent pathway of protein uptake. The exact mechanism is yet to be discovered (107) .
A different inhibitory mechanism was suggested for jacalin. It was concluded that jacalin induces phosphorylation of putative HLA class II-associated protein I. This causes release of protein phosphatase 2A from a PP2A-PHAP1 complex. PP2A is activated as it is released and this induces dephosphorylation and subsequent deactivation of extracellular-signal-regulated kinase (ERK) (108).
Jacalin
Jacalin is obtained from Artocarpus heterophyllus. It binds to Gal beta1-3 GalNAc alpha Me more strongly than Gal beta1-3 GalNAc beta Me (109). Thus, jacalin has a significantly higher affinity for the TFAg alpha anomer than the TF-Ag beta anomer (110) . Moreover, it has higher affinity for Gal beta1-3 GalNAc alpha-Ser than Gal beta 1-3 GalNAc (109). It does not bind to A, B blood group antigens nor to asialo GM1 (109) . Thus jacalin is highly specific for TF-Ag alpha anomer that is the tumor antigen. However, it binds to both sialylated and nonsialylated forms of TF-Ag, but binds more strongly to the asialylated form found in tumors (110, 111) . The C-4 and C-6 of GalNAc are important for the lectin-ligand interaction (105, 112) and jacalin does not bind to lactose and N-acetyl lactosamine. It binds to many glycoproteins containing the glycan Gal beta1-3 GalNAc alpha-O-. These include human IgA1, bovine coagulation factor X, bovine protein Z plasminogen and chorionic gonadotropin (110) .
Jacalin has been used as a histochemical tool to differentiate between normal and malignant cells (110, 113, 114) . It has also been used to examine the development of cervical intraepithelial neoplasia (110, 119 ). Jacalin's binding affinity for IgA has been utilized for isolation of IgA1 from human serum as well as for IgA nephropathy investigation (110) . Jacalin has a non-cytotoxic, dose dependent inhibitory effect on cell proliferation. It has been observed that Jacalin (20micrograms/ml) reduces the cell number of HT29 (human colon cancer cell line) by 43+/-12% (105). However, it has been speculated that owing to its erythrocyte agglutination property and mitogenicity for CD4+T cells, jacalin will have toxic effects if administered systematically (116).
Agaricus bisporus lectin (ABL)
Agaricus bisporus lectin binds strongly to subterminal GalNAc of the alpha anomer of TF-Ag (98) . Gal beta1-3 GalNAc and Gal beta1-3 GalNAc alpha are the most strongly bound disaccharides while lactose and Gal beta1-6 GlcNAc also bind to ABL. ABL's poor affinity for Gal and GlcNAc indicates the importance of axial C-4 hydroxyl group in GalNAc and C-2 acetamido addition to Gal (117) . ABL reacts with nonsialylated as well as sialylated forms of TF-Ag (108) . It shows reversible anti-proliferative activity (60). ABL's effect was tested in different cell lines. It was observed that ABL caused 87% inhibition of thymidine incorporation in HT29 colon cancer cells, 16% inhibition in Caco-2 (another colon cancer cell line), 50% in MCF-7 breast cancer cells and 55% in Rama-27, rat mammary fibroblasts (108).
Sclerotium rolfsii lectin (SRL)
SRL has much higher reactivity for O-linked sugars when compared to N-linked sugars (118) . It binds with the ligand GalNAc of alpha anomer of TF-Ag. Apart from core 1, it also reacts with core 2 (Gal beta1-3 (GlcNAc beta1-6) GalNAc alpha) and core 8 (Gal alpha1-3 GalNAc alpha). SRL does not bind to asialo-GM1 and hence does not react with NK cells (118, 111) .
The C4-OH group GalNAc and C2-OH group of Gal are very essential for the interaction between SRL and TF-Ag. Substitutions at C3 position with sulfates, sialic acid and N-acetylglucosamine increase the binding affinity (118) . N-acetyl group of TF-Ag is involved in the binding interaction with the primary as well as secondary binding site of SRL. GalNAc interacts with the primary site whereas GlcNAc reacts with the secondary binding site (119).
Agrocybe aegerita lectin (AAL)
Crystal structure analysis of the AAL-TF-Ag complex has revealed many residues of AAL and TF-Ag that are involved in the binding interaction. AAL has high affinity for sulfated TF disaccharide. The two residues of AAL that play a major role in binding are Arg85 and Glu66. Arg 85 is responsible for binding affinity and it binds to the O5 of the galactoside ring in GalNAc of TF-Ag while Glu66 which is important in determining the specificity, binds to N-acetyl group. These interactions are mediated through water molecules. It has been observed that the water molecules on the surface of carbohydrate recognition domain contribute to increase the affinity and specificity of a lectin towards the glycan. AAL binds to the alpha anomer of TF-Ag and the chair conformation of the antigen is required for stability and recognition specificity of the AAL-TF-Ag complex. (120).
Beauveria bassiana lectin (BBL)
The alpha anomer of TF-Ag is the potent ligand for Beauveria bassiana lectin. BBL reacts effectively with the sialylated derivatives of TF-Ag to cause hemagglutination of human type O red blood cells. It has a very low affinity for the beta anomer. It does not bind to single sugar residue glycoconjugates. Although it binds to both the forms, binding with the sialylated form is much weaker than the nonsialylated ones. The binding profile of BBL is Gal beta1-3 GalNAc > Neu5Ac alpha2-3 Gal beta1-3 (Neu5Ac alpha2-6) GalNAc > Gal beta1-4 Glc alpha. The lectin is not very specific for O-glycoproteins and also binds to asialo Tamm-Horsfall glycoprotein (Nglycoprotein) (95).
Xeocomus chrysenteron lectin (XCL)-
XCL recognizes galactose and Nacetylgalactosamine. (108) . It binds more strongly with the nonsialylated form of TF-Ag. It has been observed that the affinity decreases in the presence of sialic acid (108), while it increases if a galactose is attached to Nacetylgalactosamine. XCL shows antiproliferative effect as well as insecticidal activity (121) .
In summary, the study of lectins and their binding interactions with TF-Ag can direct the research on selecting a suitable antibody with high binding affinity and anti-proliferative effect. It has been concluded that the lectins binding to both the beta and alpha anomer usually stimulate the proliferation of cancer cells while those binding to the alpha anomer inhibit proliferation (98) . Irazoqui (98) also suggests that stimulation or inhibition of proliferation is due to which side of TF-Ag is bound to the molecule. These conclusions were based on a comparative study of ABL and PNA, and monoclonal anti-TF-Ag antibodies. Irazoqui (98) found that lectins which have high Gal beta1-3 GalNAc alpha1-4 GalNAc beta1-4 GlcNAc beta1-3 Man beta1-4 Glc beta-Cer, low Gal beta1-3 GalNAc beta1-4 GlcNAc beta1-3 Man beta1-4 Glc betaCer and no Ga1(Gal beta1-3 GalNAc beta1-4 Gal beta1-4 Glc beta-Cer) reactivity have tumor specificity and will also have inhibitory effect on cell proliferation (98) . In other related work, Yu et al (105) suggest that the differing proliferative effects are due to the different specificity for sialylated or non-sialylated structures or the different affinities for clustered TF-Ag. From the TF-Ag alpha -Gal beta1-3 GalNAc alpha, TF-Ag beta--Gal beta1-3 GalNAc beta, Core 2-Gal beta1-3 (GlcNAc beta1-6) GalNAc alpha, Core3-GlcNAc beta1-3 GalNAc alpha, Core8-Gal alpha1-3GalNAc alpha, Sialylated TF can be any of the following, Neu5Ac alpha2-3 Gal beta1-3 GalNAc alpha, Gal beta1-3 (Neu5Ac alpha2-6) GalNAc alpha, Neu5Ac alpha2-3 Gal beta1-3 (Neu5Ac alpha2-6) GalNAc alpha summary in Table 1 , it appears that lectins which bind alpha and beta derivatives of TF-Ag cause a proliferative effect whereas lectins which cause inhibition of proliferation bind to TF-Ag alpha linked and not beta linked. Further research, including molecular modeling will be required to understand these effects.
MONOCLONAL ANTIBODIES
Attempts at producing monoclonal antibodies (mAb) to TF-Ag have been made using neuramindasetreated rbcs (77) , TF-Ag positive lung tumor cells (125), and synthetic TF-Ag compounds (126, 79) as antigens. These vaccinations have mostly produced specific IgM antibodies which because of their large molecular weight and lower affinity have limited clinical utility. IgM antibodies may be useful in immunohistochemistry but not in vivo in the cancer patient.
Antibodies are more specific than lectins but antibodies to TF-Ag can either bind both the alpha and beta linked TF-Ag or bind to just the tumor associated TF-Ag alpha. Antibodies to TF-Ag, like lectins to TF-Ag can cause in vitro cancer cell growth enhancement or retardation. Irazoqui et al (98) , also showed that antibodies which stimulated proliferation bound mainly to the terminal Gal, while antibodies which inhibited proliferation bound mainly the GalNAc of an alpha linked TF-Ag. This is similar to the reactivity shown with lectins. Dahlenborg (62) created 3 human monoclonal antibodies to TF-Ag which were studied further by Irazoqui (98) and Yu (80) . In Dahlenborg (62) the antibodies TF1 (IgM), TF2 (IgA) and TF5 were listed as TF-Ag beta specific, with TF5 (IgM) also reacting with Gal beta1-3 GlcNAc. The binding of TF2 and TF5 to TF-Ag was also inhibited by high concentrations of galactose while TF1 was not. In their hands nothing was inhibited by their synthetic TF-Ag alpha linked structure but the reactivity with neuraminidase treated rbcs and asialoglycophorin would lead one to question the integrity of their synthetic compound and this lack of reactivity. The lack of inhibition of TF1 by galactose in comparison to TF2 and TF5 would indicate a more GalNAc reactivity of this antibody. Yu et al (80) performed cancer cell proliferation studies with these antibodies and TF1 did not cause cancer cell proliferation in HT29 human colon cancer cells although TF2 and TF5 did. None of the antibodies caused stimulation of Caco-2 cells, while HT29-MTX had increased proliferation (~10% with TF1, ~15% TF2, ~18% TF5) and LS174T cells showed enhanced proliferation with TF1 and TF5 (~10% with TF1, ~20% with TF5). Irazoqui performed inhibition assays with these human monoclonal antibodies and found that PNA and TF2 and TF5 were similar in specificity, with a preference for the beta Gal whereas binding of TF1 to asialoglycophorin was only inhibited by TF-Ag alpha compounds. The conclusions of Irazquoi about both monoclonal antibody and lectins and proliferation are given in the lectin section (above), with the side of the antigen that is bound by the antibody playing a dominant role. Two of these human monoclonal antibodies to TF-Ag reacted with both the alpha and beta structures, and one reacted with TF-Ag alpha only. It is not clear if this is representative of what is seen in the patient. It would be of clinical interest to determine if the increased levels of anti-TF-Ag in cancer patients that are associated with prognosis are TF-Ag alpha specific or if it reacts with both the alpha and beta linked TF-Ag structures. If the antibody in patients that is related to improved prognosis is TF-Ag alpha specific then it is important in vaccine efforts to make this limited specificity response. If the antibody in these patients reacts to both the alpha and beta derivatives it is possible that in vitro cancer cell proliferation is not related to in vivo effects, and limitation of the reactivity of the antibody in a vaccine response would not be necessary.
Longenecker et al. produced an anti-TF Ab (170H.82) through immunization with a synthetic TF-Ag linked to HSA (76) . No mouse radiolocalization testing of 170H.82 antibody has been reported, but the Longenecker group did perform in vivo tumor localization experiments with 2 other similar reagents which also bind both the TFAg-alpha and beta derivatives: radiolabeled peanut lectin (PNA) (51) and radiolabeled mAb 155H.7 (74) which they reported to be similar to mAb 170H.8 (76) . In their mouse experiments with the 155H.7 antibody which has a specificity similar to 170H.82, the kidney to tumor ratio was 0.75, and the kidney was higher than any organ except the thyroid (pretreatment with cold iodine was not performed) (76) . The m170H.82 was tested in humans as an immunolocalization reagent (Tru-Scint TM ) and seemed promising, even though it binds both the alpha and beta anomers of TF-Ag, showing an axillary nodal involvement sensitivity of 71% (5/7), and specificity of 89% (8/9) (51, 76) . This specificity was calculated after they disregarded the kidney staining seen in most patients (76) . This monoclonal antibody reappeared as m170 in radioimmunotherapy for treatment of metastatic prostate cancer (126) . In this radioimmunotherapy with 90 Y labeled m170, tumor in bone and in lymph node received between 10 and 11 Gy/GBq, while liver received 3.95 and kidney received 2 Gy/GBq. Thirteen of the 17 patients treated had bone pain, and of these 5 had complete resolution of pain and 2 had 50% reduction. Some moderation of pain lasted a mean of 4.3 weeks.
Although it is clear that the tumor associated TFAg is Gal beta1-3 GalNAc-alpha-O (alpha-linked), many of the antibodies and other reagents used to study and identify this antigen have bound to both the tumor associated Gal beta1-3 GalNAc-alpha-O and the non-tumor associated Gal beta1-3 GalNAc-beta-O. Antibodies and other reagents which bind to both alpha and beta anomers showed fairly good tumor specificity, however, they are limited by their binding in vivo to normal kidney, and some potential binding in the central nervous system to GM1 ganglioside, the asialo-GM1 of NK cells (98, 117) , or the GD1 of glycolipids. Even while binding to the alpha and beta anomers, Tru-Scint showed a respectable 83% sensitivity and a 97.7% positive predictive value in the detection of metastasis (77) .
In our laboratory, a mouse monoclonal IgG 3 antibody, JAA-F11, has been produced which specifically binds to tumor associated TF-Ag alpha and not TF-Ag beta (79, 85, 98, 129, 133, 140) . Using an array composed of 442 different carbohydrate structures, JAA-F11 mAb was shown to be very specific for TF-Ag. The specificity of JAA-F11, with lack of binding with the beta-linked asialo-GM1 of normal kidney tubules, should eliminate the kidney binding of the previous, less specific, anti-TF-Ag antibody (170H.82) that showed some success in targeting tumor tissue but bound to normal kidney. In addition, JAA-F11's lack of reactivity with this structure is important for passive immunotherapy because this structure is on NK cells and NK cell depletion has been shown to result in accelerated tumor growth which attenuates the anti-tumor effects of irradiation (98, 117) . JAA-F11 also did not react with structures with additions on C-3 or the C-2 of the galactose indicating that extensions in these areas on extended Core 1 or Core 2 structures would block binding of JAA-F11 to other non-tumor tissues. JAA-F11 causes a slight but significant decrease in mouse and human cancer cell growth.
The glycan analysis is consistent with the tumor specificity of JAA-F11 mAb seen in in vivo imaging with both mouse 4T1 breast tumor in a mouse model and the human MDA-MB-231 breast tumor in a SCID mouse. MDA-MB-231 is a *triple negative tumor *(estrogen receptor, progesterone receptor and Her2 negative).
Successful imaging of the human triple negative breast cancer cells supports the idea that JAA-F11 will provide better imaging and therapeutic results than other anti-TFAg antibodies. Targeting triple negative breast tumors is significant because these tumors are more difficult to treat, are often more aggressive and often occur in younger women. This is an indication that a TF-Ag vaccine would be useful for this group of patients along with patients with other carcinomas.
The ability of JAA-F11 to block tumor metastasis was shown in vivo in a 4T1 breast cancer mouse model, and in vitro and ex vivo for human tumor cell lines. In the mouse model, JAA-F11 blocked lung metastasis of 4T1 breast tumor cells by blocking adhesion of the metastasizing cancer cells to the vascular endothelium. A significant decrease in the number of metastatic foci in the lungs of JAA-F11 treated animals was seen (p=0.016), with > 50% of the treated animals metastasis free (140) . JAA-F11 has also been shown to inhibit cancer cell adhesion to cells of the blood vessels in two in vitro models of human cancer cell metastasis. Inhibition of binding of human tumor cells to human umbilical vein endothelial cells and to human bone marrow endothelial cells is shown with JAA-F11 treatment (140, 146, 147) . JAA-F11 treatment also blocks metastasis in an ex vivo model of metastasis in which tumor cells flowing over porcine dura mater stick and roll, an interaction which is blocked by JAA-F11 antibody but not by control antibody. Gassman et al in 2009 (85) found that JAA-F11 could also block human HT-29LMM and T84 colon cancer cells from binding to lung microvasculature via a unique quantitative in vivo microscopic analysis. This will be described in more detail in the metastasis section.
In summary JAA-F11, an antibody specific for the TF-Ag alpha linkage inhibits growth of human and mouse tumor cells in vitro, causes a survival time extension in mice bearing the 4T1 metastatic breast tumor and causes >50% decrease in lung metastasis in the 4T1 mouse model. MicroPET imaging in mice has shown that JAA-F11 localizes to TF-Ag positive mouse and human breast tumors in vivo. In addition, JAA-F11 inhibits adhesion of human breast carcinoma cells to blood vessels in vitro, ex vivo and in vivo. Importantly, MicroPET imaging in mice has also shown that JAA-F11 localizes a triple negative human breast cancer cell line indicating that JAA-F11 therapy could be useful in this group that is difficult to treat (79, 85, 98, 129, 133, 140) . JAA-F11 has also been shown to be effective in experiments demonstrating inhibition of breast, prostate and colon tumor metastasis (79, 85, 98, 129, 133, 140) . Collectively, these results indicate that JAA-F11 has considerable potential for radiolocalization and for passive immunotherapy of cancer.
The inhibition of metastasis and improvement of survival with passive transfer with JAA-F11 is an indication that a vaccine would create protective effects in the cancer patient. It is important to determine if the vaccine must cause development of a TF-Ag alpha response or if a TF-Ag alpha and beta response is appropriate. The experiments suggested above to define the specificity of human anti-TF-Ag related to prognosis in treated cancer patients is part of this answer. Additional experiments with the same mouse model could to determine, if a mouse monoclonal antibody, which unlike JAA-F11, bound to both TF alpha and beta blocked metastasis and improved survival. In addition, an antibody which stimulated in vitro tumor cell growth should be selected to determine if these in vitro cancer cell proliferation assays have any relevance to the clinical situation in vivo.
HUMAN IMMUNITY TO TF-AG

Human anti-TF-Ag antibodies
Natural anti-TF-Ag antibodies are found in the blood of every individual (127) , but are significantly decreased in individuals bearing TF-Ag-positive cancers and pre-malignant conditions (128) , although there are slight variations. Levels of anti-TF-Ag antibodies in healthy people are constant, and are persistent throughout life after infancy (127) . These antibodies are believed to be elicited primarily by the intestinal flora (50) . Bacterial TFAg-expressing molecules are thought to be largely responsible for the anti-TF-Ag antibodies that humans naturally possess and this is supported by the fact that persons depleted of their intestinal flora by oral antibiotics have little circulating anti-TF-Ag Ab (50).
Georg Springer and colleagues were the first to elucidate the carcinoma association of TF-Ag with their finding that breast cancer tissue expressed TF-Ag and that the patient had antibody to this tumor antigen (13) . Expression of the TF epitope on human carcinomas is usually accompanied by a decrease in the anti-TF-Ag antibodies in the serum (129) . In studies done by Desai and colleagues, a semiquantitative standard hemagglutinin titration was used to determine the anti-TF-Ag levels of carcinoma and control patients (50) . In serum pools of healthy humans, the titer score ranged from 20-25 (50). It was discovered that 36.6% of preoperative patients with carcinomas had severely depressed anti-TF-Ag hemagglutination scores (≤12) whereas 4.2% had highly elevated anti-TF-Ag scores (≥44); healthy individuals' anti-TF-Ag scores were depressed in only 8.5% of healthy persons and 9.4% of individuals with benign disease (13, 50) . The hemagglutination assay performed likely measured IgM anti-TF-Ag. They also found that curative surgery to remove the breast carcinoma in individuals resulted in a substantial increase (>25%) in anti-TF-Ag antibody titer scores 1 to 5 months later in 73.8% of breast carcinoma patients and 100% of lung carcinoma patients studied (50) . This highly significant increase in anti-TF-Ag of the majority of patients whose carcinoma had been removed shows that the TF-Ag in carcinoma may react with the anti-TF-Ag antibodies removing some from the serum.
Since it is established that carcinoma patients have humoral responses to the TF-Ag, it is of importance to determine the types of antibodies involved in this response. Desai and colleagues revealed that affinity purified polyclonal anti-TF-Ag antibodies from a normal human serum pool contained 64% IgM, 32% IgG, and 4% IgA (39). This showed that the anti-TF-Ag antibodies are predominantly IgM. In studies done by Oleg Kurtenkov and colleagues, the levels of anti-TF-Ag antibodies in patients with gastric cancer were lower than in healthy controls irrespective of stage of disease (130) . The amount of anti-TF-Ag specific IgG antibody level in patients does not change as much as the IgM anti-TF-Ag antibodies. The IgM anti-TF-Ag antibody has been found to show dramatic changes, uniformly falling by the early stages of cancer (39,129). Low levels of these antibodies were also shown to be associated with pre-malignant conditions and with a higher risk of cancer development (130, 34 ). Springer also demonstrated that carcinoma patients but not healthy people, showed cellular immunity to TF-antigen both in vivo and in vitro (50) . Cellular immunity was shown in vivo by delayed-type skin hypersensitivity (DTH) test of 60 patients with ductal breast carcinoma stages I-IV (50) . For the determination of DTH, the patients were injected with TF-antigen dissolved to 1% in PBS containing 0.25% phenol (the TF-Ag was prepared from neuraminidase treatment of MN on the surface of red blood cells probably expressed on glycophorin A) while controls received solvent alone or MN antigen dissolved to 1% in the solvent (50). 92% of ductal carcinoma patients with stage II to IV cancer and 79% with stage I cancer gave positive results; individuals without cancer gave negative results (50) . Cellular immunity to TF-Ag was determined in vitro among majority of the skin tested population (not all) by leukocyte migration inhibition assay (LMI) in agarose plates (50) in which the white blood cells were isolated and reacted with or without TF-Ag (50) . Results showed that patients who were negative for LMI were also negative for DTH (50) . The discovery of TF-specific antigen in a reactive form in carcinoma but not in healthy tissues established this chemically well-defined antigen as carcinoma-associated (50).
Anti-TF-Ag antibodies and the relation to tumor prognosis.
Naturally occurring and induced antibodies have provided protection from viral, bacterial, and parasitic infections (50) .
Antibodies against tumor-associated antigens like TF-Ag are present within the body and have been shown to have some anti-cancer functions. Low levels of naturally occurring anti-TF-Ag antibodies have been correlated with tumor progression and aggressiveness (63). A study done by Somordin, et al. has shown that in gastric and breast cancer patients, the changes in anti-TFAg IgG are related to the disease progression (131) and in general, advanced gastric cancer is associated with lower anti-TF-Ag IgG (131) . The median serum level of anti-TFAg IgG in patients with gastric cancer at stage III and IV (pools) was significantly lower than at stages I and II (131) . Also lower levels of anti-TF-Ag IgG were observed in gastric cancer in cases with lymph node metastasis in comparison with those without lymph node metastasis (131) . These findings implicate TF-Ag in tumor spread (131) due to the fact that as the TF-Ag bearing tumor increases in metastatic ability and aggressiveness, there are lower levels of anti-TF-Ag antibodies for them, enabling the cancer to thrive.
The levels of anti-TF-Ag antibodies serve as a means of determining the progression of the disease. The expression of TF-Ag on cancer cell surfaces is related to biological behavior and the prognosis of cancer patients (130) .
Additionally, low levels of TF-Ag-specific antibodies are associated with an increased risk for cancer (34, 39). These authors feel that low levels of anti-TF-Ag present a potential threat because in normal individuals, these anti-TF-Ag antibodies are believed to have an anticancer role to play. Decreased amounts of anti-TF-Ag thereby leaves one open for the development of cancer (130, 34, 50) .
O. Kurtenkov and colleagues studied the humoral immune response of humans with breast cancer to carbohydrate antigens including TF-Ag before and after neoadjuvant chemotherapy regimens as well as in controls (healthy donors and patients with fibroadenoma). Higher levels of TF-Ag specific IgG antibody found before surgery were associated with a better survival time of stage II breast cancer patients (133) . In another study done by this group, unlike the IgG levels, the anti-TF-Ag IgM antibody level showed no relation to the survival (129). The association of higher level of anti-TF-Ag IgG antibody with a better survival suggests that naturally occurring or adaptive immune responses to this epitope are of clinical importance and may be beneficial for the host (129) . This shows the significant role of anti-TF-Ag IgG antibodies in the immunosurveillance of cancer (128) .
Natural anticarbohydrate antibodies are normally of the IgM class, however the high level of anti-TF-Ag IgG observed in some patients may be a sign of acquired immune response which is indicative of the switching of the antibody to the IgG class (39).
It has also been found that infection with a particular microbe that causes increased anti-TF-Ag IgG may lead to a survival advantage when combined with certain cancers. One particular type of microbe which provides this survival advantage is the Helicobacter pylori (127) in combination with gastric cancer. Studies conducted by O. Kurtenkov and colleagues, found that in gastric cancer patients at stage I, significantly better survival for seropositive H. pylori patients was observed compared to H. pylori seronegative patients (127) . Additionally, patients with higher levels of TF-Ag specific IgG antibody (strong responders) showed significantly and dramatically improved survival rate when compared to weak responders (127) . The reason for this enhanced survival through the infection with this particular microbe is because the humoral immune response to H. pylori infection is similar to that in response to the TF-Ag (127). Hence, anti-TF-Ag antibodies are produced. Therefore, individuals already exposed to cancer and infected with this microbe have increased levels of the necessary anti-TF-Ag antibodies. The elevated levels of these antibodies seem to provide a survival advantage for these cancer patients.
Desai and colleagues did a study which involved using anti-TF-Ag antibodies as a means of carcinoma diagnosis. In this study, they developed a solid-phase immunofluorescence assay (SPIA-T) to determine anti-TFAg IgM and total IgM in human sera using solid phase polyacrylamide beads to which highly purified TF-Ag and anti-human IgM antibodies were covalently coupled, with fluorescent labeled IgM as the secondary antibody (50) . The anti-TF-Ag IgM of ≤3mg/dl or ≥13mg/dl was found to be a positive indicator for cancer (50) . With respect to the predictive value of anti-TF-Ag tests, it is noteworthy that positive anti-TF-Ag tests predicted carcinoma months to years before biopsy or x-rays (50) with 77% accuracy for clinical carcinoma within the 12 years of patients studied, where their biopsy and x-ray remained negative (50) . The reason IgM was used is that the majority of human anti-TFAg antibodies are of the IgM subclass (50) . The authors of this study feel that IgM is particularly useful for the early diagnosis of carcinomas, even before the development of diagnostic levels of markers commonly used for cancer diagnosis. Additionally, upon TF-Ag (purified from type O red blood cells) vaccination of patients with stages II to IV breast cancer, it was shown that 100% of stage IV and 94.4% of stage III survived 5 more years from the date of their primary tumor, and 87% of stage II breast cancer patients also survived 5 more years from the date of their primary tumor (50) . This suggests that active stimulation of the immune system to produce anti-TF-Ag antibodies increases survival time of patients with cancer and may serve as a novel approach in cancer immunotherapy.
In conclusion, anti-TF-Ag antibodies are found naturally in the blood serum of normal individuals. It has been established that this antibody develops during weaning upon exposure to the natural intestinal flora which contains TF-Ag-positive bacteria (34). These antibody levels, however, are depressed upon the development of carcinoma. After surgery or chemotherapy the levels of antibody increase in patients with a good prognosis and do not increase in patients with a poor prognosis. This indicates that an effective TF-Ag vaccine would improve prognosis.
ROLE IN METASTASIS
Clinical correlations of TF-Ag with prognosis and in vivo, and in vitro studies have provided evidence that TF-Ag is related to metastasis. Mechanistic information concerning how TF-Ag could be involved in the adhesive steps of metastasis has been elucidated through the work of many individuals. The range of different studies, individually and collectively provide strong evidence for the role of TF-Ag in metastasis.
Clinically, the amount of TF-Ag on tumor cells correlates with prognosis in a number of cancer types, with increased surface TF-Ag being related to poorer prognosis in urinary, ovarian, lung, gastric, esophageal, breast and colon cancers. This implies that TF-Ag is involved in cancer spread although other factors could be involved (4-10, 55,133-138) . While a 2006 study of tumor cells that had disseminated to the bone marrow in breast cancer patients showed no relation of metastasis to TF-Ag positivity or negativity, they found that TF-Ag negativity was associated with shortened disease free survival (136) . Conversely, Moriyama found that TF-Ag was associated with histologic grade and bone metastasis but not with survival (137) . This clinical data does support a role for TF-Ag in metastasis and survival that may be complicated by other factors such as sensitivity to anti-estrogen therapy and other chemotherapies.
In 1998 Lehr and Pienta (138) showed that adhesion of a prostate cancer cell line to human bone marrow endothelial cells was mediated by a carbohydrategalectin 3 interaction. Also in 1998, Shigeoka et al. (139) performed in vivo analysis in a mouse model, and showed that neuraminidase treatment of Colo26 cells increased the amount of TF-Ag on the tumor cell surface and increased the frequency of liver metastasis formed by these cells three-fold. Antibody to TF-Ag inhibited the development of liver metastasis while control antibody did not. This indicated that the liver localization was due to the TF-Ag expression. An associated clinical study showed that tumors with increased TF-Ag expression were more likely to metastasize to the liver (55). The authors hypothesized that tumor cell TF-Ag bound to the sialoglycoprotein receptor on hepatocytes and Kuppfer cells in the liver, and that this interaction was involved in metastasis.
In studies with our IgG 3 monoclonal antibody, JAA-F11, we observed that lung metastasis were reduced by over 50% in a 4T1 mouse metastatic breast cancer model, presumably by blocking TF-Ag mediated adhesive properties required for lung metastasis (140) . The antibody was transferred after the primary tumor was established, so this activity was not due to an effect on primary tumor development. Other studies have shown that JAA-F11 is not cytolytic by antibody dependent cell mediated cytotoxicity, nor by complement directed cytotoxicity, so this effect was due to blocking steps of metastasis, not due to cytolytic effect. In unpublished studies from our laboratory, a derivative cell line of 4T1 mouse metastatic breast cancer, which had increased 2-3 sialyltransferase activity and decreased expression of TF-Ag on its surface, did not metastasize. This indicates that a sialic acid linked to the Gal blocks interaction of the TF-Ag with ligands involved in metastasis.
In 1997, Quinn's laboratory, using a phage display library discovered a peptide (P30) which bound to TF-Ag (141) . In further studies by Glinsky et al., this peptide blocked homotypic aggregation of MDA-MB-435 cells in a dose dependent manner indicating that tumor cells stuck to each other in a TF-Ag dependent manner (142) . P30 also inhibited binding of tumor cells to the endothelium (a process involved in metastasis), indicating TF-Ag was involved in this also. The peptide also blocked TF-Ag-galectin-3 mediated stable and rolling adhesion in microvessels (143) . During these experiments, clustering of galectin-3 on the endothelial cells at the interface with the tumor cells was observed and this indicated a role for galectin-3 in this adhesion. In a collaborative study, Deutscher confirmed the role of galectin-3 in tumor metastasis using a synthetic peptide which bound to the carbohydrate recognition domain of galectin-3, but not other galectins or plant lectins. This peptide also inhibited the interaction of galectin-3 and TF-Ag, and inhibited heterotypic adhesion of tumor cells to the endothelium and homotypic adhesions of tumor cells to each other (144) .
In related studies in 2001, Glinskii (145) showed that the interaction of TF-Ag containing glycoproteins with endothelial cells causes mobilization of galectin-3 to the cell surface. Synthetic compounds which either masked or mimicked TF-Ag could block the interaction of tumor cells with the endothelial cells. These studies involved measurements of the amount of tumor cell adhesion to human umbilical vein endothelial cells (HUVECs), and human bone marrow endothelial cells (HBMECs). Monoclonal antibody to TF-Ag (JAA-F11) inhibited reactivity of tumor cells with either of these human endothelial cell types. The tumor cells utilized in this study were DU-145 human prostate cells and MDA-MB 435 cells, (most likely breast cancer cells although with some controversy concerning whether they could be human melanoma cells) (193, 194) . In this work, Glinsky proposes that TF-Ag and galectin-3 interaction with galectin-3 mobilization to the endothelial cell surface is involved in the first step in a two-step tumor cell-endothelial cell interaction. He suggests that the second step is an integrin mediated locking. Evidence for the role of TF-Ag in the initial interaction of a two-step process is that under flow conditions, which simulate blood flowing through the vasculature, anti-TF-Ag antibody (JAA-F11) can block the adhesion of tumor cells to the endothelium, whereas antiintegrin antibodies (alpha-4 and beta-2) do not block this interaction at all. Anti-integrin antibodies, can, however, inhibit adhesion of PC-3 prostate cancer cells to tumor cells incubated in place for 1 hour with endothelial cells (145) .
In 2003, studies with MDA-MB-468 tumor cells, a TF-Ag low and galectin-3 low analog of MDA-MB-435 did not cause upregulation and migration of endothelial cell galactin-3 levels. After MDA-MB-435 tumor cells bind to the endothelial cells, there was an up-regulation of surface galactin-3 on the side opposite the endothelial cells. This up-regulation of galectin-3 on the tumor cell on the side away from the endothelium, was associated with tumor cell homotypic aggregation at the endothelial site (146) . This would indicate that homotypic aggregation of tumor cells at the endothelial cell surface is a third step in the multi-step process of TF-Ag's involvement in the metastatic process. In 2007, (84, 148) Yu showed that circulating galectin-3 increases the binding of circulating MUC-1 positive breast and colon tumor cells to the endothelial cell surface, but does not affect binding of MUC-1 negative cells. MUC-1 is a tumor associated mucin that carries many TF-Ag epitopes. Adhesion of the tumor cells was reduced through treatment with O-glyconase which is specific for removing unsubstituted TF-Ag from serine or threonine residues. A transfected cell line which contained MUC-1 with sialylated TF-Ag rather than unsubstituted TF-Ag did not stick to the endothelial cell surface unless the sialic acid was removed with sialidase. These results strongly indicate a role for galectin-3 and TF-Ag in cancer cell adhesion to the vascular endothelium. Antibodies to E-Selectin and CD44H blocked this binding. CD44 also carries TF-Ag epitopes (29,113, 149). CD44 has been found to be involved in skeletal metastasis, and another carrier of the TF-Ag, CD164 has been implicated in prostate cancer cell adhesion to the bone marrow endothelium (149, (150) (151) (152) (153) (154) . Contrary to the model suggested by Glinskii with TF-Ag on MUC-1 and other carrier molecules directly interacting with galectin-3 on the endothelium, Yu (84) saw movement of the MUC-1 away from the tumor cell-endothelial cell contact. Yu suggests that this redistribution removes a MUC-1 shield from the adhesion molecules that subsequently interact. These differences have not been resolved conclusively. In 2010, Zhao in Yu's group showed that the MUC-1 TF-Ag mediated galectin-3 interaction enhanced homotypic tumor cell aggregation (148) . This study also showed that this TF-Ag mediated homotypic aggregation decreased tumor cell anoikis. Anoikis is cell death due to apoptosis caused by loss of anchorage.
In 2010 Gassman, (85) utilized an in situ model in a ventilated and perfused lung to study tumor cell metastasis to the lung. An anesthetized rat was mechanically ventilated and the anterior chest wall was removed so that the lung vasculature could be observed under a fluorescence microscope. Tumor cells fluorescently labeled with Calcein AM could be observed sticking to the vasculature in this model. Their work showed that tumor cell adhesion to the pulmonary microvasculature could be inhibited by pre-treatment with JAA-F11 antibody to TFAg, or by neuraminidase type V treatment of the tumor cells. Prior perfusion of the rats with fucoidan to block Land P-selectin also inhibited binding, but the specificity of fucoidan interaction is too broad to make a conclusion about a specific P-or L-selectin effect. Neither antibodies to integrins nor antibodies to galectin-3 blocked this binding. Antibodies were pre-incubated with the tumor cells and the cells were washed prior to perfusion in the lungs, so the lung vascular endothelial cells were not exposed to the antibody.
In summary, there is much evidence that shows that TF-Ag plays a role in tumor cell metastasis. Clinical indications of the importance of TF-Ag in metastasis have come through evidence of poorer prognosis in urinary, ovarian, lung, gastric, esophageal, breast and colon cancers. Experimental evidence using in vivo and in vitro models has also supported the key role that TF-Ag plays metastasis in utilizing TF-Ag positive melanoma cells and prostate, breast, colon cancer cells. Since TF-Ag plays a mechanistic role in the cancer spread an immune response could have blocking function, inhibiting metastasis, as well as cytolytic function. In addition, a mechanistic role for the antigen decreases the chance that antigen negative cancer cells will develop. The current information concerning the role of TF-Ag in the development of metastasis is a strong indication that if antibody to TF-Ag was developed in the patient it would improve prognosis.
VACCINE
TF-Ag is an ideal vaccine candidate to prevent or treat cancer because the TF-Ag is expressed in various carcinomas, and can be applied to a large population of cancer patients (45, 155, 156) . In addition, since TF-Ag plays a role in metastasis, downregulation of this antigen, if it did occur due to antibody therapy, would result in the remaining cancer cells having a less metastatic phenotype. During the last 20 years, the use of TF-Ag as a cancer vaccine has been investigated by various groups (45, 19, 42, (157) (158) (159) . Among the first were Springer and coworkers who conducted a long term intradermal vaccination of 32 patients with advanced breast carcinomas, using vaccine consisting of human group O red blood cell membranes containing HLA-free TF/Tn Ag most likely attached to glycophorin A with the adjuvant Ca 3 (PO 4 ) 2 plus a trace of phosphoglycolipid A hyperantigen, i.e., S. typhi vaccine (USP) (45). All 32 patients survived for at least 5 years after the vaccinations and immune responses in the patients were measured in delayed-type hypersensitivity reactions. Since then the number of those engaged in developing TF-Ag cancer vaccines has increased and several groups have synthetically or chemically modified TF-Ag in order to improve the immune response.
Fung et al and MacLean et al both used a synthetic immunogen of TF-Ag conjugated to keyhole limpet haemocyanin (KLH (158, 159) . Fung et al used a synthetic tumor-associated glycoconjugate (S-TAG) vaccine that is composed of TF-Ag coupled to KLH, cyclophosphamide emulsified in Ribi adjuvant containing trehalose dimycolate and monophosphoryl lipid A. Longterm survival of mammary adenocarcinoma (TA3-Ha) bearing-mice in both preventive and therapeutic settings was seen as compared to control mice receiving the vaccine without Ribi adjuvant or cyclophosphamide (158) . The cyclophosphamide was added to down-regulate T suppressor cell activity. Surviving mice that received a subsequent lethal, high-dose tumor challenge produced high anti-TF-Ag (alpha) IgG antibody titers (1:1280) and strong delayed-type hypersensitivity (DTH) responses to the TF-Ag-alpha epitope (158) . In a phase I study, Maclean et al showed that ten ovarian cancer patients who received cyclophosphamide before being immunized with a synthetic TF-Ag antigen conjugated to KLH plus DETOX adjuvant developed moderate to strong DTH reactions at the vaccination sites. Nine of the ten patients showed an increase in anti-TF-Ag alpha IgM antibodies above preexisting IgM antibodies. IgG anti-TF-Ag alpha were also generated in the same nine patients while eight of them produced IgA anti-TF-Ag alpha antibodies. Xu et al showed that synthetic glycopeptides vaccines containing TF-Ag linked to a major T cell receptor (TcR) contact residue and having high affinity for MHC class 1 molecules are immunogenic in vivo and can induce anti-TF-Ag cytotoxic T cells in mice (160) . The mammary tumor cell lines TA3/Ha that expressed TF-Ag was used in a 51 Chromium release assay to determine anti-TF-Ag cytotoxic T cells activity (160) . A vaccine consisting of synthetic TF-Ag conjugated with crotyl linker to KLH was used to immunize colon cancer patients. Although the vaccine induced a high IgM and IgG antibody responses against the synthetic TF-Ag, the IgM antibodies showed weak reactivity, whereas, the IgG antibodies were almost unreactive when tested against the natural TF-Ag (161) . This may have been related to the use of the very short linker region to link the disaccharide to the protein carrier.
In order to improve immune response, TF-Ag has also been modified in many ways. Some groups have constructed combinations of glycan antigens that include TF-Ag residues linked to unique carriers. Slovin and coworkers reported that a vaccine consisting of a synthetic TF-Ag in a clustered formation coupled to KLH and administered with the saponin adjuvant QS21 to twenty prostate cancer patients in a phase I clinical trial was able to induce high-titer IgM and IgG antibodies against TF-Ag in all patients. In his studies, 33% of the patients showed a favorable clinical response as measured by a decrease in prostate specific antigen (PSA) log slopes. (162) . Saponin QS21, a glycoside that is derived from the bark of Quillaja saponaria Molina, is able to stimulate both Th1 immune response and the production of CTLs and has been used as adjuvants in vaccine formulations against infections and cancers (163, reviewed in 164). QS21 was found to be the most potent in inducing antibody response against conjugate vaccines (165, 166) . The vaccine was safe and the patients did not show any clinical signs of autoimmunity (162) .
To determine whether immune response could be further enhanced with stimulation by multiple antigens, a hexavalent vaccine that included GM2, Globo H, Lewis y , glycosylated MUC-1-32mer and Tn and TF in a clustered formation, conjugated to KLH and mixed with QS-21 was administered in a Phase II setting to 30 high-risk patients (167) . Antibody titers against at least two of the six antigens were elevated in all 30 patients. Compared to individual monovalent trials, the antibody titers against several of the antigens were actually lower. In a pilot study, Sabbatini et al used a heptavalent vaccine that included a cluster of three TF-Ag conjugated to KLH and mixed with adjuvant QS21 to immunize eleven patients with epithelial ovarian, fallopian tube, or peritoneal cancer (168) . Nine of the vaccinated patients had antibody responses against at least one of these antigens, while eight of the nine patients had antibodies against three of the seven antigens. Tn-MUC-1 and TF-Ag were the most potent immunogens in the heptavalent vaccine (168) .
Roder et al immunized mice with a vaccine consisting of synthetic epithelial mucin MUC-1 with the TF-Ag or a difluoro analogue coupled to tetanus toxoid (TTox). This vaccine induced antibodies that were selectively directed against the tumor-associated MUC-1 structures and which strongly bound to MCF-7 breast cancer cells (169) . A bioengineered glycoconjugate containing the TF-Ag disaccharide mixed with Freund's adjuvant was shown to induce an immune response and this immune response inhibited tumor growth in an in vivo colon carcinoma CT26 mouse model (170) . Tumors from mice immunized with the bioengineered glycoconjugates were 36% and 39% smaller compared to tumors from mice immunized with KLH alone.
Another approach to improve the immunogenicity of TF-Ag containing vaccine is using selfadjuvanting multicomponent vaccines.
These selfadjuvanting vaccines, made up of a tumor-associated carbohydrate antigen, a helper T-cell epitope, and an immune-stimulating agent such as a TLR agonist have been shown to induce immune responses in mice (171, 172) . Boons and co-workers showed that multicomponent vaccines containing a MUC-1 peptide bearing a single Tn antigen, the Toll-like receptor 2 (TLR2) ligand, Pam 3 CysSerK 4 and a helper T-cell epitope derived from the polio virus induced high titers of IgG antibodies in mice which were able to recognize MUC-1 antigen on MCF7 cancer cells (171) . Recently, Wilkinson and co-workers demonstrated that a synthetic multicomponent vaccine comprised of a tetanus toxin-derived helper T cell epitope incorporated between a glycosylated MUC-1 bearing multiple copies of TF-Ag and the TLR2 agonist Pam 3 CysSer induced high IgG antibodies in mice (172) .
The immunogenicity of carbohydrate antigens can also be raised using peptide mimicry of the carbohydrate epitope (173, 174, 175) . A number of immunization studies using peptide mimics of carbohydrate antigens have shown that these peptide mimics were able to induce an enhanced T-cell dependent (TD) immune response (176) (177) (178) (179) . Encouraged by the results of these studies, our lab has developed peptide mimics of the TFAg. We began by biopanning a 12-mer phage display library to isolate phage that reacted with our monoclonal antibody to TF-Ag, JAA-F11 that had been developed earlier (180, 79) . We used these peptide mimics together with alum and Bordetella pertussis to immunize mice and IgM and IgG TF-Ag antibodies were produced (180). We have begun structural studies of two of the peptide mimics using X-ray crystallography to identify common interactions with carbohydrate-antibody complex to lead to improved peptide mimics to create the best possible peptide mimic for TF-Ag to be used as vaccine in treating cancer patients. Our collaborators, including A. Gulick, R. Woods, S. Jadey, M. Tessier, and J. Heimburg-Molinaro are utilizing binding data, X-ray crystal structure of JAA-F11 Ab and computational docking to better understanding of the interactions between the JAA-F11 TF-Ag alpha restricted antibody and TF-Ag. This will facilitate vaccine development, especially if a TF-Ag alpha response is required. This information, combined with NMR studies of the peptide mimic binding to the JAA-F11 should allow for the production of the optimal peptide mimic for further vaccine development.
In the future, we will attempt to use constructs containing the TF-Ag mimicking peptides improved as described above linked to one or more immune-stimulating agents including C3d, Toll-like receptor 9 (TLR9) agonists such as cytosine-phosphate-guanosine oligodeoxynucleotides (CPG ODNs), and cytokines such as IL-12. Adjuvants are a key component of effective vaccines and we will investigate the ability of these adjuvants to augment immune responses induced by the TF-Ag peptide mimics. Synthetic TLR9 agonists have strong adjuvant activities that include stimulation of antigen-specific B cells, enhanced IgG class switch, and cytotoxic T lymphocytes generation (181, 182) . Many clinical trials are currently being carried out to evaluate TLR9 agonists as adjuvants against infections and in cancer treatment (183) (184) (185) (186) . IL-12 which promotes the development of Th1 cells and induces the production of Th1-type antibody production has been shown to be a highly effective vaccine adjuvant (187, 188) . C3d can facilitate activation of B cells without T-cell help by targeting CD21, the C3d receptor, on splenic marginal zone B cells, and follicular dendritic cells (189) . C3d has been used as molecular adjuvant for vaccines encoding a variety of pathogen-derived antigens (190) and also for tumor immunotherapy (191) . In addition, nanoparticle constructs of TF-Ag have been developed by Barchi, and we will continue collaboration with this group to determine if nanoparticle presentation of TF-Ag will improve immunogenicity (192) . These additional vaccine strategies could improve the immunogenicity of the peptide mimics toward the TF-Ag tumor epitope.
In summary, the Thomsen-Friedenreich glycoantigen (TF-Ag) is on the surface of breast, colon, bladder, prostate and other carcinomas and is involved in adhesion and metastasis. Data strongly indicate that this will be an important target for passive and active immunotherapy. A particularly important patient population is the triple negative (estrogen and progesterone receptor negative and Her2 negative) breast cancer patient. This patient group is important because targeted hormonal therapy and targeted anti-growth factor receptor therapies do not decrease tumor burden in these patients. These patients, in general, are younger and have poorer prognosis than breast cancer patients whose cancer cells have these markers. Metastasis inhibition experiments show that anti-TF-Ag immune therapy may have a role in breast, colon and prostate cancer as well as in melanoma. In addition, immunohistochemistry studies have found TF-Ag on the surface of cancers of the bladder, breast, colon, lung, liver, ovary, prostate and stomach, suggesting that TF-Ag may be an immunotherapeutic target for a wide range of cancers.
We believe that the highly specific JAA-F11 antibody to this antigen can be used to detect whether the tumor has spread and can be used as adjunct therapy to improve survival of patients with these TF-Ag expressing tumors. In previous experiments, JAA-F11 has been shown to decrease metastasis to the lung and increase survival in a mouse breast cancer in vivo model. Iodine-124 labeled JAA-F11 Ab in in vivo micro positron emission tomography (microPET) showed tumor localization in the mouse breast tumor model. Preliminary results with JAA-F11 in a triple negative human breast cancer cell line shows positive results in vitro, using a whole cell enzyme immunoassay and in vivo, using microPET imaging. Collectively, these results indicate that JAA-F11 shows promise as a method to find tumor metastasis and that it has potential to be used with chemotherapy to block metastasis to the lung and decrease tumor burden. These results strongly support Phase I trials using radiolabeled JAA-F11 to determine whether that antibody successfully localizes to human tumors. This information will be used to develop the antibody as a product for use in detecting whether or not the tumor has spread. Subsequent experiments would involve humanization of the antibody and utilization of the humanized JAA-F11 antibody as a product for adjunct therapy along with chemotherapy for the cancer patient Vaccine development, targeting TF-Ag, for active immunotherapy is also strongly supported in order to develop a response in the cancer patient that will prevent spread of the tumor and kill the tumor cells. Complex molecular modeling experiments combined with novel strategies to improve immunogenicity should allow these experiments to successfully create this vaccine. 
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